We describe here the cloning and characterization of a cDNA encoding a protein kinase that has high sequence homology to members of the mitogen-activated protein kinase (MAPK) 
Mkk2, and Mpkl), the osmoregulatory pathway (Pbs2 and Hogl), the pseudohyphal differentiation pathway (Stell and Ste7), and the spore wall assembly pathway (Smkl) (4) .
A number of genes for MAPKs have been reported in higher plants (11) . We have demonstrated that MAPKs constitute a gene family of at least nine members (ATMPK1 through ATMPK9) in Arabidopsis thaliana and that plant MAPK homologs can be classified into four subgroups based on their sequence analyses (refs. 12 and 13; unpublished data). NPK1 (14) and NPK2 (15) , which are structurally related to MAP-KKK and MAPKK, respectively, have been isolated from tobacco. We have also isolated from Arabidopsis two closely related cDNAs, cATPK6 and cATPK19 (16) , which are related to p70 and p90 S6 kinases (17) (18) (19) . The (12) and ATPK19 (16) increased markedly and simultaneously when plants were treated with touch stimuli, low temperature, and salinity stress. We discuss the possible roles of these three protein kinases in signal transduction pathways under environmental stresses such as mechanical stimuli, low temperature, and osmotic stress.
MATERIALS AND METHODS Plant Materials and Treatments. A. thaliana (Columbia ecotype) was used in this study. Growth and stress conditions were the same as those previously reported (16, 25) . Mechanical stimulation (touch) was conducted as reported (26) . Briefly, the rosette leaves were gently moved back and forth 20
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times by a gloved hand. In all cases, the plants were subjected to the stress treatments for various times and then frozen in liquid nitrogen for further analyses.
cDNA Cloning and Sequencing. All of the cDNA clones were generated by plaque hybridization (27) DNA and RNA Blot Hybridization Analyses. Genomic Southern hybridization and Northern hybridization were performed as described (12, 13, 16) . A nylon membrane blotted with size-separated total RNA (40 ,tg) was stained with methylene blue (28) . The inserted DNA fragments of cAT-MEKK1, cATMPK1 (13), cATMPK3 (12), cATPK19 (16) , and cdc2a (29) cDNAs and the partial cDNA corresponding to the 3' noncoding region of the ATCAL5 cDNA (45) from Arabidopsis were used as probes. ATCAL5 encodes calmodulin (26, 45) (Fig. 1) .
Primary Structure of the Putative ATMEKK1 Protein. As shown in Fig. 2A , the putative ATMEKK1 protein shows extensive homology to NPK1 (46% identity) from tobacco (14) , Byr2 (40% identity) from Schizosaccharomyces pombe (22) , Bckl (42% identity) from S. cerevisiae (24) , Stell (42% --------------------------- ---------------------------- (33) . Numbers above the horizontal lines indicate the evolutionary distance between one protein and another. (C) Predicted structures of ATMEKK1, NPK1, Byr2, Bckl, Stell, and MEKK proteins. Solid boxes, putative catalytic domains; hatched boxes, the noncatalytic domains, which are thought to be regulatory domains. identity) from S. cerevisiae (23) , and MEKK (36% identity) from mouse (21) . The ATMEKK1 protein contains all of the conserved residues and the 11 subdomains that are typical of protein kinases (32) . A phylogenetic tree indicating the evolutionary distances among the ATMEKK1, Stell, Byr2, Bckl, NPK1, and MEKK proteins is shown in Fig. 2B .
The putative ATMEKK1 protein has a noncatalytic flanking region in the N-terminal half (Fig. 2C) . The Byr2, Bckl, Stel 1, and MEKK proteins also have kinase-unrelated regions in their N-terminal halves; these regions are thought to regulate protein kinase activity, although the C-terminal half of the NPK1 protein has a kinase-unrelated region (14, (21) (22) (23) (24) . In contrast to the homologies among the catalytic domains of these protein kinases, the kinase-unrelated region of AT-MEKK1 has no significant homology with those of NPK1, Byr2, Bckl, Stell, and MEKK.
Functional Analysis of the ATMEKK1 Gene with Mutants of S. cerevisiae. The overexpression of cATMEKK1 with a multicopy plasmid suppressed the stellA mutation (MEKKdeficient) of S. cerevisiae; this suppression was monitored by the complementation of the histidine-requiring genotype with the FUSI::HIS3 reporter gene (30, 34) (Fig. 3A) . However, the ste7A mutation (MEK-deficient) (30) could not be suppressed by cATMEKK1 (Fig. 3B) . The Stell protein is shown to phosphorylate and activate the Ste7 protein directly in the mating-pheromone response pathway (4). These results indicate that the STE11 deficiency is overcome by cATMEKK1. Overexpression of cATMEKK1 weakly complemented the bcklA mutation (data not shown).
Southern Blot Analysis of the ATMEKK1 Gene. Arabidopsis nuclear DNA was digested with EcoRI or HindlIl, blotted onto nylon membranes, and hybridized under both high-and lowstringency conditions with the cATMEKK1 insert as a probe (Fig. 4) . Under high-stringency conditions, the cATMEKK1 insert hybridized with one sharp band and several faint bands. However, under low-stringency conditions, several additional (Fig. SA) . Interestingly, the mRNA levels of two protein kinases, ATMPK3 and ATPK19, increased simultaneously in response to these stresses. ATMPK3 is structurally related to MAPKs (12), while ATPK19 is structurally related to ribosomal S6 kinases (p7OS6K and pp9Orsk) (16) . The levels of the ATMEKK1, ATMPK3, and ATPK19 mRNAs did not change when plants were transferred from GM agar plates to water as controls. By contrast, the mRNA level of cdc2a (29) was not affected by these treatments. The mRNA level of ATMPK1 (13) was not affected by water and low-temperature treatments but was slightly affected by high-salinity stress. Then we examined the levels of the ATMEKK1, ATMPK3, ATPK19 mRNAs within 1 hr after a variety of stresses, including dehydration stress. The levels of the ATMEKK1, ATMPK3, and ATPK19 mRNAs in response to low temperature, high-salinity, and dehydration stresses began to increase within 5 min (data not shown).
We examined the effect of touch or mechanical stimuli (26, 35) on the expression of the three protein kinase genes. The ATMEKK1, ATMPK3, and ATPK19 mRNAs increased simultaneously in response to touch stimuli (Fig. 5B) . The expression patterns of these genes were similar to the expression pattern of the touch-induced ATCAL5 gene (see Materials and Methods), encoding calmodulin (26, 45) , used as a positive control. By contrast, the levels of ATMPK1 and cdc2a mRNAs did not change under the same conditions. It has been reported that the cdc2a mRNA markedly increases within 30 min in response to wounding stress (36) . These results indicate that the accumulation of the transcripts for ATMEKK1, ATMPK3, and ATPK19 is not due to wounding stress but due to touch. homology in the catalytic domain with other MAPKKKs and has a unique noncatalytic flanking region in the N-terminal region ( Figs. 1 and 2 ). Overexpression of cATMEKK1 overcame a stellA mutation (Fig. 3A) and weakly restored the functionality of a bcklA mutant (data not shown). We also examined the effect of cATMEKKl overexpression in a mutant lacking the STE7 gene, whose product is known to act downstream of Stell (Fig. 3B) (Fig. 5B) . Three of the touch-inducible genes (Tchl, Tch2, and Tch3) encode calmodulin or calmodulin-related proteins (26) . It 
